In recent years, there has been renewed interest in surface plasmons on metallic nanoparticles for a diverse range of applications. [1] [2] [3] Fundamental to progress in this field is the correlation of the local geometry of the nanostructure with the surface plasmon energy. Mapping surface plasmons at the nanoscale with energy filtering in the transmission electron microscope (EFTEM) or spectrum imaging (SI) in the scanning TEM (STEM) have been very successful in this endeavour. [4] [5] [6] [7] The energy resolution necessary to measure the surface plasmon requires the use of a TEM or STEM with a highly monochromatic electron source such as those found in cold field emission gun instruments or those with monochromators.
In earlier work, we measured electron phase shifts from metal nanoparticles using phase retrieval in the TEM. 8 Unexpected deviations in the phase profiles at the edges of metal particles were interpreted to likely be associated with the excitation of surface plasmons. However, further work revealed that the measured phase change of 0.5-1.5 rad from particle edges to surrounding vacuum exceeds theoretical prediction by at least an order of magnitude. For example, the phase change of 200 keV electrons passing at grazing incidence to a 20 nm gold sphere is predicted to be 34 mrad. These calculations utilized the angle of deflection as predicted by classical electrodynamics (see also the related calculations by Anstis 9 ). Interestingly, earlier studies have also reported that the measured deflection of a focussed electron beam passing just external to a surface is also an order of magnitude larger than the classical prediction. 10, 11 In this work, we test whether measured electron phase shifts can be experimentally ascribed to plasmon losses for gold nano-particles, to better understand the discrepancy with theory. To this end, we have combined EFTEM with through-focal intensity measurements to perform energyfiltered phase retrieval.
The transport of intensity equation (TIE) provides one approach to retrieve electron phase shifts from through-focal intensity measurements. [12] [13] [14] The TIE connects the intensity and phase to the intensity derivative in the direction of propagation. Using periodic boundary conditions, the TIE can be rapidly solved using fast Fourier transforms. 15 A throughfocal image series can be used to calculate the intensity derivative in the focal plane by fitting a polynomial for the focal variation. This procedure has previously been shown to give a quantitative and robust measurement for the phase. 16, 17 Surface plasmon excitations on gold nanostructures have energies at or below 2.5 eV, so that the separation of these inelastic contributions requires a monochromated TEM and a high resolution imaging filter with a very narrow energy-selecting slit. Our measurements were performed on two different TEMs: an optimised Tecnai F20, 200 kV TEM fitted with a Wien filter monochromator 18 and a Zeiss SESAM 200 kV TEM equipped with an in-column energy filter 19 and an electrostatic monochromator. 20 Initially, the Tecnai F20 was equipped with a specially optimised highresolution Gatan imaging filter (GIF) 21 and in later experiments with a GIF Quantum. 22 Energy-filtered through-focal images were acquired in two different ways. In the first approach, an energy-selecting slit was inserted and the through-focal series was acquired. Images containing only the elastic signal were obtained by using a slit small enough to exclude the plasmon excitations. The inelastic excitations were then included using a larger slit, still centred about zero, but large enough that the plasmon excitations also contributed to the image intensity. The smallest usable slit width was limited by the chromatic properties of the spectrometer; a slit that is too narrow produces substantial intensity variations across the field of view.
In the second approach, a small energy-selecting slit was chosen and a full EFTEM image series was acquired at each focal step to create an EFTEM-SI. The energy step size in the EFTEM-SI was smaller than the slit width and energy resolutions of 0.3-1 eV were obtained. Each EFTEM series was first spatially realigned using the routine described in Schaffer et al. 23 From the EFTEM-SIs elastic, plasmon and combined intensities were extracted through simple window integrals. More detailed spectral information was measured with this second approach, at the practical expense of comparatively fewer focal steps.
Both approaches yield a through-focal series of images where the intensity contributing to each image in the series originates from electrons with a specified range of energy losses. Sample drift between images at different focal steps was corrected by a manual realignment of the images. Realignment is necessary for phase retrieval but introduces slight shifts in the isochromatic pattern across the image series. The small defocus increments used mean that image rotation and magnification changes with defocus were not significant. Phase retrieval using the TIE was performed using methods described in previous work. 17 Many data sets were acquired and processed of which two illustrative examples will be shown here. Fig. 1 shows an in-focus image, intensity derivative, and the retrieved phase images from a gold particle, acquired using the Tecnai F20 and HR-GIF. A 0.9 eV wide energy-selecting slit was used to obtain Figs. 1(a), 1(c), and 1(e) and a 10 eV energyselecting slit for Figs. 1(b), 1(d), and 1(f). The focal series consisted of 11 images separated by defocus increments of 50 nm (nominal). The intensity variation was fitted with a 2nd order polynomial, and the TIE was solved with no band pass filtering or regularisation.
Consistent with previous work, a broad phase excursion is seen surrounding the gold for the larger energy-selecting slit ( Fig. 1(f) ). The fact that no such profile is seen to surround the phase map for the small slit ( Fig. 1(f) ) would seem to suggest the effect is indeed due to plasmon scattering. However, further scrutiny of our experimental data has shown that such an interpretation is erroneous. Consider Fig. 2, which shows an in-focus image, intensity derivative, and retrieved phase images from a set of gold nanoparticles. This data were acquired using the Zeiss SESAM and the second approach with a 0.23 eV monochromator slit and a 1.3 eV energy-selecting slit. Using nominal defocus increments of 50 nm, 17 through focal images were collected. Some residual astigmatism remained uncorrected in each image. Through-focal intensity variations were fitted with a 3rd order polynomial, and a high-pass filter was applied to the intensity derivative to remove apparent lowspatial frequency artefacts. The data in Fig. 2 clearly show one gold particle displaying broad phase excursions, whilst adjacent particles do not.
Analysis of many more data sets identified that diminished values of the intensity derivative inside the particle can produce a halo in the phase outside the particle. This is demonstrated in Fig. 2 where the topmost particle shows a broad dip in the intensity derivative inside the bottom section. The corresponding phase map portrays a halo around the particle, as well as a deviation inside. Close examination also reveals that the intensity derivative inside the particle is slightly lower in Fig. 1(d) than in Fig. 1(c) . Fig. 3 shows a simulation demonstrating these effects. For the intensity derivative Fig. 3(b) , the middle of the circular region was set slightly lower than that for Fig. 3(a) . Using a uniform intensity and these simulated derivatives, the TIE was solved to give Figs. 3(c) and 3(d) . The phase maps are strikingly different, and the halo is clearly apparent. This effect demonstrates how the non-local nature of this approach to phase retrieval necessitates particular care in the interpretation of data; the phase determined at any particular   FIG. 1. (a) and (b) In-focus image, (c) and (d) intensity derivative, and (e) and (f) retrieved phase images from a gold particle. A 0.9 eV wide energyselecting slit was used to obtain (a), (c), and (e) and a 10 eV energyselecting slit for (b), (d), and (f).
FIG. 2. (a)
In-focus image, (b) intensity derivative, and (c) retrieved phase images from gold particles. In this instance, only one particle displays phase deviations. These occur at a region of a particle with the intensity derivative has a noticeably lower value. 2011) point will be influenced by the intensity derivative in other regions.
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The phenomenological reason for the broad dip in the intensity derivative of Fig. 2 was revealed by visually examining the experimental through focal images (not shown here). The intensity was observed to vary subtly but nonmonotonically with defocus-appearing to flicker upon scanning through focus. One physical explanation is that this part of the particle was close to a Bragg condition, producing strong diffraction contrast, which is quite sensitive to changes in crystal orientation. In general, these small metal particles are not stable under the beam. Examination of the focal series associated with Fig. 1 did not display any obvious effects such as these, and a number of other data sets showing the phase deviations also did not. However, the possibility that a similar, but even more subtle, effect is occurring cannot be excluded. Other unusual phase effects in metal nanoparticles have been observed elsewhere 24 and may have a similar origin. In fact, since all through focal experiments assume that intensity variations are solely due defocus aberrations rather than erratic, time-dependent, phenomena, such phase retrieval errors are not unique to the TIE.
To avoid the fluctuating diffraction contrast described above, stable particles that maintain their precise crystal orientation during data acquisition are required. Experimentally, better stability can be achieved by embedding the particles in a dielectric matrix and/or by imaging at lower beam intensities. Single crystal particles or amorphous specimens would also enable better control of diffraction contrast.
When considering systematic errors for the TIE, some consistency tests can be applied, such as the requirement that the intensity derivative should effectively average to zero using conservation of energy. 25 Fresnel propagation can also be used to check the consistency of the phase solution with the experimental through focal images. However, for the data used to create Fig. 1 , such checks could not distinguish between the two phase maps within the measurement uncertainties.
In summary, we have demonstrated two different methods for performing energy filtered phase retrieval with energy resolutions below 1 eV. Experiments designed to separate contributions to the phase from plasmon scattering and from elastic scattering could not differentiate these signals on account of particle instabilities and associated diffraction contrast fluctuations. This work has shown that erroneous phase excursions surrounding gold nano-particles can arise from such artefacts, which explains a discrepancy with theoretical expectations of this interesting phenomenon. Substantial improvements could be made by embedding specimens in a dielectric matrix and/ or by imaging at lower operating voltages. Specimens with higher plasmon energy, such as aluminium particles, would also reduce demands on the spectroscopy. 
